Introduction
The increasing number of indications for MR examination of the head and neck region is accompanied by a rising number of patients with metallic compounds present in the oral and maxillofacial regions (OMRs) When considering these materials in more detail, three major alloy types can be distinguished. Firstly, there are ferromagnetic substances (strongly attracted by magnetic fields) which can be subdivided into: iron (Fe), cobalt (Co) and nickel (Ni). Secondly, there are paramagnetic substances (i.e. having unpaired orbital electrons) which become magnetized in the magnetic field and demagnetized once the field is switched off. Thirdly, there are diamagnetic substances, which have few unpaired orbital electrons and therefore induce weak magnetic fields. [2] [3] [4] [5] [6] [7] [8] Magnetic susceptibility artefacts in MRI typically involve image degradation or signal distortion occurring in tissues adjacent to the interfering compounds. These compounds become magnetized when placed in a large superconducting magnet, creating their own magnetic fields, and dramatically alter the precession frequencies of protons in adjacent tissues. 1, 9, 10 To add to the complexity, current MRI allows for rapid scanning sequences, such as the fast imaging employing steady state (FIESTA) sequence used in imaging vascular anatomy and echo planar imaging (EPI) used in functional MRI, as well as diffusion and perfusion weighted imaging, which are often used when diagnosing patients having stroke and patients with cancer. However, metallic artefacts in these sequences are typically much larger than that of conventional MRI such as the spin echo and gradient echo (GRE) sequence, and artefacts caused by these materials may lead to distorted images. 9, 11 There are several scanning parameters known to influence artefact susceptibility. For example, Vandevenne et al 12 showed that shorter echo times greatly reduce artefacts. Additionally, slice thickness, as well as increasing the read-out bandwidth significantly improved image quality. Although there are many valuable studies which have investigated the cause of and potential solutions for metallic artefacts, there is still a lack of definition and coherence. 1, 5, 10, [13] [14] [15] [16] To resolve this, the American Society for Testing and Materials (ASTM) has published its F2119 recommendation stating the particular boundaries concerning the exact metallic artefact specifications on MR images. 17 Additionally, previous studies did not report to have considered effects of automatic pre-scan tuning into account when comparing artefact sizes. In clinical diagnostic MRI, automatic tuning and adjustment of particular scanning parameters (such as the centre frequency, the magnitude of radiofrequency pulse being transmitted and the gain of the receiver) are constantly performed to enhance image uniformity. 18, 19 Under standard circumstances, this is preferred; however, it does cause problems if the goal is to directly compare the sizes of the metallic artefacts that are taken under various scanning conditions (e.g. different materials and sequences). As such, automatically (pre-scan), adjustments of these parameters for each scanning condition exert a great effect on image contrast and signal intensity, and the resulting images are therefore not directly comparable between scanning sequences and materials.
Lastly, the shape of the metal may alter the size and configuration of the metallic artefact on MR images, even if the volume and weight are the same. To explicitly assess and compare artefacts on MR images in the OMR, the size and shape must be uniform; preferably, approximating a tooth (e.g. an approximately 10-mm 3 cube). The aim of this study was to (1) quantitatively assess and standardize artefacts caused by commonly used metallic dental materials on MR image according to the ASTM's specifications without using any pre-scan tuning (i.e. using the "research mode" of the scanner), (2) to compare the volume of these artefacts and (3) to investigate their specific configuration characteristics which occur during fast MRI. Assessment of the effects of dental materials on MR image quality according to the ASTM standard will allow for a better understanding concerning the effects of particular dental materials on commonly used MR sequences.
Materials and methods

Samples and phantom
To evaluate the effect of dental materials on artefacts in MRI, seven kinds of commonly used materials were employed, specifically: aluminium (Al), silver alloy (Ag), type IV gold alloy (Au), gold-palladium-silver alloy (Au-Pd-Ag), titanium (Ti), nickel-chromium alloy (NC) and cobalt-chromium alloy (CC) (Figure 1a) . Characteristics of the sample materials are listed in Table 1 .
In line with the ASTM-F2119 standard, all materials were fabricated in a 10-mm 3 cubic shape, and each cube was suspended by a nylon rod at the centre position of an acrylic spherical container phantom (inner dimensions: 170 mm) filled with copper sulphate solution (2 g l 21 ) (Figure 1b) . The copper sulphate solution is typically found in scanner phantoms and is recommended by the ASTM, as its T 1 -and T 2 -relaxation times and proton density are very well established. There was sufficient clearance between the tested materials and the phantom border sides (.40 mm; Figure 1c ).
MRI
The phantom was placed in a head and neurovascular coil (eight-channel phased-array coil) on the table of a 1.5-T superconducting magnet scanner (Signa ® HDxt 1.5-T MR; General Electric, Milwaukee, WI). Imaging parameters were selected following the ASTM-F2119 standard. 16 Scanning of each section with a 3-mm interval between slices in the axial, sagittal and coronal planes was performed in each material with the following parameters: field of view 240 3 240 mm, matrix size 256 3 256, slice thickness 3 mm and phase-encoding direction in the horizontal and vertical planes. Although we scanned each section coronally, there were no obvious differences between sagittal images and coronal images, therefore we report only on axial and sagittal data. To be able to compare images of sequences and materials in this study without any bias, the research mode of the MR scanner was used to preclude automatic tuning of the magnetic field (specifically, we chose to omit the signal intensity adjustment within the automatic tuning setup of the scanner). The scanning protocol included commonly Figure 1 (a) Metallic materials used in the comparisons, (b) phantom containing a 10 3 10 3 10-mm sample, (c) exact position of sample in phantom according to the American Society for Testing and Materials F2119 standard. Ag, silver alloy; Al, aluminium; Au-Pd-Ag, gold-palladium-silver alloy; Co-Cr, cobalt-chromium alloy; Ni-Cr, nickel-chromium alloy; Ti, titanium; Type IV Au, type IV gold alloy. used sequences such as the GRE sequence, T 1 and T 2 weighted fast spin echo (FSE) sequence, a gradient recalled acquisition in steady state (GRASS) sequence, a spoiled GRASS (SPGR) sequence, a fast SPGR (FSPGR) sequence, a FIESTA sequence and an EPI sequence. Sequence parameters are listed in Table 2 . Additional images of a phantom with an acrylic resin were also obtained as artefact-free reference images. Imaging of each material was repeated six times to quantify individual measurement variation and to achieve consistent (mean) values.
Image analysis
To determine the artefact area, we adhered to the image artefact definition specified by the ASTM-F2119 standard stating that a pixel is considered to be part of an artefact if its signal intensity (SI) is changed by at least 30%. MR images (digital imaging and communications in medicine) were analyzed using OsiriX MD imaging software (Pixmeo, Geneva, Switzerland). 17 Image evaluation was performed by setting a reproducible 9 3 9-cm square region of interest at the centre of each image encompassing the whole artefact. The areas enclosing the pixels exceeding the ASTM standard (30% SI change above or below; when compared with the reference image) were considered to be black or white artefacts. The total artefact was considered to be the sum of all black and white artefacts. By setting these thresholds, the artefact areas were automatically assessed by the software (Figure 2 ). The mean value was obtained from an average of six measurements obtained using the following formula taken from Yoo et al: Note: vol (mm 3 ), A (mm 2 ), i (slice number). The differences between measured artefacts on volumes were statistically analyzed by one factor ANOVA augmented by Tukey-Kramer tests (SPSS v. 11.5; IBM Corp., New York, NY; formerly SPSS Inc., Chicago, IL). Artefact volumes and configurations were compared for each sequence and metal.
Results
Black artefacts can typically be disregarded, however, white signals present in T 2 images often indicate pathological conditions (and in T 1 , white signals typically indicate the presence of fat tissue). Therefore, before we report the overall artefact volumes, we first report the black and white artefacts separately to accentuate that occasionally white artefacts can be misinterpreted as being pathological in nature, where in reality, they may arise from artefacts due to metals present in the body. All statistical comparisons for sequence and materials can be found in the tables (using Tukey-Kramer tests, where p , 0.05 is significant). (Table 4 ). Concerning the EPI images' pixel values, the reference image showed the same (and maximum) SI on all pixels (i.e. white artefacts were not present and only black artefacts could be computed). For an overview, see Table 4 , and for the statistical significance between the sequences for each material and each plane separated for black and white artefacts, see Table 5 .
Artefact volumes by imaging plane
Although the combined artefact volume for the sagittal plane was numerically larger than that for the axial plane (approximately 4.5%), this difference was statistically not significant (n.s.) (t , 1, n.s.).
Overall artefact volumes by imaging sequence
The smallest overall artefact volume was found on FSE images, such as sagittal FSE-T 2 weighted images with Au (186.93 ± 32.88 mm 3 ), axial FSE-T 1 weighted 3 ). Although the pattern was not uniform, the overall artefact volume approximately followed the following arrangement (from lowest to highest artefacts per MR sequence): FSE-T 1 /FSE-T 2 , FSPGR/SPGR , GRASS/ GRE , FIESTA , EPI. For a complete overview of the overall artefact volumes per sequence per material, see Table 6 , and for the statistical significance between the sequences for each material and each plane, see Table 7 .
Comparison of artefact volumes within dental materials In all sequences, artefact volumes containing Au, Al, Ag and Au-Pd-Ag, were significantly smaller than all the other materials within the black and white artefacts (p , 0.01). Additionally, these four materials typically did not show large pattern differences among them (but see, for instance, SPGR for Al in the sagittal plane). In all sequences, artefact volumes involving CC were significantly larger than the other materials both for black and white artefacts. Artefact volumes size increased, respectively, from Ti , NC , CC; however, axial and sagittal images did not significantly differ between black and white artefact volumes (all p-values n.s.). Figure 3 illustrates the artefact volumes for each sequence, each material in each plane. As most of the sequences were significantly different from each other, only the n.s. sequences were marked with a dotted line between them. This figure can be used to gauge which sequences show similar or different artefacts when faced with a particular metallic dental material. Figure 4 shows the centre images of all materials for each sequence (FSE-T 1 weighted image, GRE, FIESTA and EPI) and plane (axial and sagittal). Au, Au-Pd-Ag and Ag did not produce large artefacts and elicited similar configurational features in all sequences. However, although the configuration of artefacts occurring from Ti, NC and CC was similar, CC produced the largest artefacts followed by NC and Ti, respectively. The configurations (shapes) of artefacts by GRE, GRASS, SPGR and FSPGR sequences were similar in the same sequence. The configurations of artefacts caused by the 
Comparisons according to artefact configuration
-, not measured; Ag, silver alloy; Al, aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo planar imaging sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T 1 weighted fast spin echo sequence; FSE-T2, T 2 weighted fast spin echo sequence; FSPGR, fast SPGR sequence; GRASS, gradient recalled acquisition in steady state sequence; GRE, gradient echo sequence; NC, nickel-chromium alloy; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium. 
GRASS, GRE
-, not measured; Ag, silver alloy; Al, aluminum; APA, gold-palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo planar imaging sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T 1 weighted fast spin echo sequence; FSE-T2, T 2 weighted fast spin echo sequence; FSPGR, fast SPGR sequence; GRASS, gradient recalled acquisition in steady state sequence; GRE, gradient echo sequence; NC, nickel-chromium alloy; ns, non-significant; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium. a p , 0.05. b p , 0.01.
same material in the axial and sagittal planes were typically different and occurred in all sequences. A visual assessment concerning particular artefact configurations revealed that artefacts in axial images mostly followed a circular pattern around the target origin, whereas artefacts in the sagittal plane followed a more amorphous (e.g. clover-like) pattern (in the case of a cubic target).
Discussion
MRI is one of the most important tools in diagnostic radiology for oral and maxillofacial diseases, because it is a non-invasive and non-ionizing imaging technique that possesses many advantages including the ability to provide sectional images in any arbitrary plane along with providing excellent soft-tissue contrast. 9 However, the presence of metallic dental materials such as dental restorations, dental crowns, fixed bridges, and dental or orthopaedic implants is known to cause artefacts on MR images. This often hampers image interpretation and diagnosis. 1, 10 Seven metallic dental materials (embedded in a phantom), commonly used in general dentistry, were selected in this study to evaluate their artefacts on MRI. Our results showed that Au, Al, Ag and Au-Pd-Ag (typically used for dental restoration) produced the smallest artefacts in all sequences. Au, which has been widely used as fixed prosthesis, produced few artefacts in the bulk of evaluated sequences. This finding corroborates with findings by Destine et al 10 and Hinshaw et al, 21 who found that gold alloy did not evoke significant artefacts, but contrasts with findings reported by Abbaszadeh et al. 16 In this latter study, measurements on artefact distance from dental Au, amalgam, stainless steel, Ti, Ag-Pd and Vitallium Ô on central axial T 1 weighted images were performed, and Abbaszadeh et al found that Au produced the greatest artefact. In the present study, Ti (widely used as dental implants and in various orthopaedic devices) also produced considerable artefacts on MR images. NC and CC, used for fixed orthodontic appliances, produced large artefacts in all sequences, and CC caused the largest artefacts among all tested materials. This is most likely due to the specific ferromagnetic compositions of these alloys. Our Ti result is in accordance with previous reports stating that Ti produced high-to-moderate magnitude artefacts in all sequences. 13, [22] [23] [24] However, there are also contrasting reports stating that Ti caused no significant Ag, silver alloy; Al, aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; CC, cobalt-chromium alloy; EPI, echo planar imaging sequence; FIESTA, fast imaging employing steady state sequence; FSE-T1, T 1 weighted fast spin echo sequence; FSE-T2, T 2 weighted fast spin echo sequence; FSPGR, fast spoiled gradient recalled acquisition in steady state sequence; GRASS, gradient recalled acquisition in steady state sequence; GRE, gradient echo sequence; NC, nickel-chromium alloy; SD, standard deviation; SPGR, spoiled GRASS sequence; Ti, titanium. 
GRASS, EPI
birpublications.org/dmfrmetal artefacts in particular sequences. 7, 16, 25 These contradictory results arising from the various metal dental materials found between our study and others are likely due to the different shape and composition of the materials, the specific imaging parameters, experimental methods and, importantly, the absence of standardized criteria (such as ASTM-F2119's standards) to objectively evaluate MRI artefacts. These issues make direct comparisons and interpretations between previous (unstandardized) studies and the current (standardized) study challenging.
The artefacts produced on MR images can be seen in various configurations and forms, from voids to bright streaks. 26 The present results showed that both white and black artefacts emerged in FSE sequences (Figure 4) , whereas only black artefacts were seen in EPI sequences. Some authors 14, 25, 27 reported that the metallic artefacts appearing on FSE images were less than those appearing on GRE images. Our results corroborate this. This is probably due to the fact that the 180°r adiofrequency pulse in the FSE sequence refocuses spins, thereby reversing the effects of static magnetic field defects, whereas in GRE sequence, a small magnetic field is superimposed onto the main field which makes it a more "metal sensitive" sequence. 28 As such, the FSE technique is less influenced by artefacts when imaging patients with metal restorations or implants in the area of interest. The present results show that the artefact configurations within GRE, GRASS, SPGR and FSPGR sequences are similar in the same material ( Figure 3 ). Although these sequences had different repetition times and echo times, the sequence tables were similar concerning the excitation pulse and the specific timing of magnetic field inversion. The present results showed that the artefact configurations in FIESTA and EPI sequences produced the largest artefacts of all sequences, most likely as these sequences are quite sensitive to deviance within magnetic field homogeneity. The present study also showed that all artefacts were symmetrical along the central axis of the frequency-encoding direction (Figure 4 ). This might be an important observation to consider when interpreting the structures around metal dental materials on MR images. In all sequences, the configurations of artefacts caused by the same material in the axial and sagittal planes were different; this is likely to be a consequence of changes in the imaging direction within the magnetic field. In some specific cases, it might be possible to utilize configurational differences between the scanning direction (e.g. axial and sagittal) to allow for improved medical diagnosis.
One limitation of our study is that we used a fixed phantom with 10-mm 3 cubes; this is obviously quite different from an in vivo examination in which artefact configurations and sizes are different between different sections (perhaps due to irregular shapes of the metal objects). However, even with homogenously shaped objects (such as the ones used in the current study), configurational differences between scanning directions do arise, providing a configuration baseline to be used in in vivo examinations. Naturally, when making a clinical diagnosis, physicians and dentists need to observe the underlying structures to assess the cause and extent of particular pathology. This is often impeded by metal implants. In some cases, a solution would be to choose a different scanning sequence; however, this is not always possible. For instance, when using functional MRI, the EPI sequence is indispensable and particular metal materials such as CC or NC may occlude or distort large portions within these images. When EPI is deemed necessary, a clinician may opt to take out the affecting material before scanning. However, in FIESTA sequences, in which most tested materials show large artefacts (especially in the temporomandibular joint and pharynx region), when the material is far enough from the area or interest, dynamic MRI sequences (e.g. swallowing) can still be carried out (the same holds for metal materials in artificial joints when, for example, performing a dynamic diagnosis in the hip joint). It is therefore up to the discretion of the clinician to opt for a (potentially invasive) extraction procedure which depends on the requirement of the particular sequence as well as finding a way of reducing artefacts. A capable MR physicist will be able to contribute to these important matters. The current article provides standardized information (following ASTM-F2119) to aid clinicians in making a more informed choice concerning suitable MR parameters when faced with dental materials in to-bescanned patients. Note, our findings are not only important for the OMR; for example, titanium is also frequently used in replacement of joints (such as hip and elbow joints), and neurologists (and neuroscientists) will benefit from knowing how dental materials influence MR scanning of the head region.
Conclusions
The way dental magnetic materials influence the configuration and the extent of MR artefacts depends on the specific properties of these materials and the sequence involved. For example, a non-ferromagnetic material such as Au does not significantly elicit artefacts in fast MRI. However, the presence of ferromagnetic materials such as Ti, NC and CC in to-be-scanned areas should be evaluated before the actual start of fast MR sequences, as they may produce large artefacts. Concerning the sequences: if there is no reason to use any of Figure 3 Overview of artefact volume per material, sequence, plane and significance between sequences. abs, absolute; Ag, silver alloy; Al, aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; Ax, axial; CC, cobalt-chromium alloy; EPI, echo planar imaging; FIESTA, fast imaging employing steady state; FSE, fast spin echo; FSE-T1, T 1 weighted FSE sequence; FSE-T2, T 2 weighted FSE sequence; FSPGR, a fast SPGR; GRASS, gradient recalled acquisition in steady state; GRE, gradient echo; NC, nickel-chromium alloy; Sag, sagittal; Seq, sequential; SPGR, a spoiled GRASS; Ti, titanium. Figure 4 Centre weighted images for each material, per sequence per plane. Ag, silver alloy; Al, aluminium; APA, gold-palladium-silver alloy; Au, type IV gold alloy; Ax, axial; CC, cobalt-chromium alloy; EPI, echo planar imaging; FIESTA, fast imaging employing steady state; FSE-T1, FSE-T1, T 1 weighted FSE sequence; FSE-T2, T 2 weighted FSE sequence; FSPGR, a fast spoiled gradient recalled acquisition in steady state; GRASS, gradient recalled acquisition in steady state; GRE, gradient echo; NC, nickel-chromium alloy; Sag, sagittal; SPGR, a spoiled GRASS; Ti, titanium. the other sequences, FSE sequences seem to be the proper choice, as this gives the least amount of artefacts. However, if other sequences (such as EPI or FIESTA) are necessary and materials such as CC, NC and Ti are encountered, it may be necessary to extract these materials before scanning. Lastly, there is no difference in artefact volume between the axial and sagittal planes although their configuration is different.
